This study investigated glutathione (GSH) homeostasis in human lung epithelial cells (A549) exposed to crocidolite. Exposure of A549 cells to 3 pg/cm2 crocidolite resulted in a decrease in intracellular reduced glutathione by 36% without a corresponding increase in GSH disulfide. After a 24-hr exposure to crocidolite, 75% of the intracellular GSH lost was recovered in the extracellular medium, of which 50% was in reduced form. Since the half-life of reduced GSH in culture medium was less than 1 hr, this suggests that reduced GSH was released continuously from the cells after treatment. The release of GSH did not appear to result from nonspecific membrane damage, as there was no concomitant release of lactate dehydrogenase or 14C-adenine from loaded cells after crocidolite treatment for 24 hr. Crocidolite exposure resulted in the formation of S-nitrosothiols but no increase in the level of GSH-protein mixed disulfides or GSH conjugates. Exposure of A549 cells to crocidolite for 24 hr decreased gamma glutamylcysteine synthetase (-GCS) activity by 47% without changes in the activities of GSH reductase, GSH peroxidase, GSH S-transferase, or glucose-6-phosphate dehydrogenase. Treatment of cells with crocidolite pretreated with the iron chelator desferrioxamine B resulted in the same level of intracellular GSH depletion and efflux and the same decrease in -tGCS activity as treatment with unmodified crocidolite, which suggests that iron-catalyzed reactions were not responsible for the GSH depletion.
Introduction
Exposure to asbestos results in an increased risk of fibrosis, bronchial carcinoma, and mesothelioma of the pleura, pericardium, and peritoneum (1) . Although considerable research has been directed toward understanding fiber-related disease, the molecular mechanism by which crocidolite causes disease is still not well understood.
Crocidolite, the most carcinogenic form of asbestos, contains 27% iron by weight (2) . There is evidence to suggest that the generation of reactive oxygen species via iron-catalyzed reactions contributes to crocidolite-dependent biological effects (2-4). Iron appears responsible for the biochemical reactivity of crocidolite in vitro, e.g., formation of the highly reactive hydroxyl radical (5, 6) and induction of DNA single-strand breaks (7) . In cultured cells, iron also appeared involved in 8-hydroxy-2'-deoxyguanosine formation (8, 9) , synthesis of mRNA for the inducible form of nitric oxide synthase (iNOS) and production of nitrite, a stable oxidation product of nitric oxide (NO) (9) .
G6PDH, glucose-6-phosphate dehydrogenase; t-GCS, gamma glutamylcysteine synthetase; GPx, glutathione peroxidase; iNOS, inducible form of nitric oxide synthase; GR, glutathione reductase; GSH, reduced glutathione; GSSG, glutathione disulfide (oxidized glutathione); GST, glutathione-S-transferase; HPLC-EC, high-performance liquid chromatography with dual electrochemical detection; LDH, lactate dehydrogenase; NO, nitric oxide.
Redox active iron on the surface or mobilized from phagocytized fibers has the potential to catalyze the formation of reactive oxygen species. One line of defense against these species is glutathione (GSH), the most prevalent thiol-disulfide redox buffer, found in millimolar concentrations in most human cells (10) . Decreases in cellular GSH can occur in response to either transition-metal catalyzed formation of hydroperoxides, or to the modulation of key enzymes responsible either for synthesis and maintenance or utilization of GSH. Several investigators measured intracellular GSH levels in cultured cells exposed to crocidolite (11) (12) (13) were collected and lysed in 5% metaphosphoric acid for 15 min on ice. The 16,000 x g supernatant of the cell lysate was analyzed for GSH and GSH disulfide (GSSG), using enzymatic recycling, as described by Griffith (16 (17) .
Analysis for Extliular Glutathione
After cell treatment, the extracellular medium was removed and centrifuged at 250 xg for 10 min. The supernatant was removed and acidified immediately with 5% metaphosphoric acid to determine extracellular GSH and GSSG, as described for the enzyme recycling method.
Determination of Glutathione-Protein Mixed Disulfides and GSH Conjugates
Treated cells (1.2 x 106) were collected and lysed in 500 pl of 1% metaphosphoric acid. Reduction of GSH-protein mixed disulfides or GSH conjugates in the 10,000 x g supernatant was determined using the method of Meredith (18 (19) . All steps were conducted in minimal light to prevent decomposition of S-nitrosothiols (20, 21) .
Enzyme Assays Dislodged cells (1.8 x 107) were collected and resuspended in 100 mM phosphate buffer, pH 7.4, containing 1 mM DF. Cell suspensions were lysed by three cycles of freezing and thawing or by the addition of 0.1% Triton X-100. The 105,0xg supernatants were analyzed immediately or kept frozen at -20°C until analysis. Protein concentrations were assayed using the bicinchoninic acid protein assay (Pierce, Rockford, IL) with bovine serum albumin as the standard.
The activity of gamma glutamylcysteine synthetase (,y-GCS) was determined using the method of Seelig and Meister (22) . Enzyme activity is defined as the amount of enzyme that catalyzes the oxidation of 1 nmol nicotinamide adenine dinucleotide (reduced form)/min/mg of protein (U/mg protein). The activity of GSH peroxidase (GPx) was determined by Wendel's method (23) . The activity of GSH reductase (GR) was determined using the method of Carlberg and Mannervik (24) . The activity of GSH-Stransferase (GST) was determined using the method of Habig et al. (25) . The activity of glucose-6-phosphate dehydrogenase (G6PDH) was determined by Lee's method (26) . The activity of lactate dehydrogenase (LDH) was determined using the method ofWelder and Acosta (27 (29, 30) , and efflux of GSH by epithelial cells could be a protective mechanism. In fact, levels of reduced GSH observed in alveolar-lining fluid range from 200 to 800 pM (31) . Other investigators observed reduced GSH efflux from hepatocytes exposed to vasopressin (32) or glucagon (33) . Investigators subsequently showed that efflux of GSH from hepatocytes was protein mediated (34) . The list of tissues identified, which efflux reduced GSH in response to a variety of stimuli, is growing, and speculation on the function for extracellular GSH was recently reviewed by Smith et al. (35) .
There was a significant elevation in S-nitrosothiols with 6 pg/cm2 treatment. Exposure ofA549 cells to crocidolite results in synthesis of mRNA for iNOS and elevation of intracellular nitrite, which is a stable oxidation product of NO (9) . Reaction between enzymatically generated NO and thiol-containing proteins or GSH in the presence of a transition metal (36) , such as Fe from crocidolite, would produce the Snitrosothiol detected in this treatment. However, the S-nitrosothiol produced under these conditions would account for less than 1% of the total GSH depleted.
Crocidolite exposure led to a significant decrease in the activity of y-GCS, the ratelimiting enzyme in GSH synthesis. This would likely lead to decreased synthesis of GSH and may contribute significantly to the dramatic decrease in intracellular GSH observed after crocidolite treatment. The only other GSH-associated enzyme activity reported to change after crocidolite exposure was that of GPx. Janssen et al. (37) observed an increase in GPx from rat lung tissue after rat exposure to crocidolite for 6 days. We did not observe any change in GPx activity or in GR, GST, or G6PDH activity after exposure of A549 cells to crocidolite for 24 hr. GR and G6PDH activity did not change, nor did GSSG increase, which suggest that the GR had sufficient activity and sufficient reducing equivalents (reduced nicotinamide adenine dinucleotide phosphate) to maintain the GSH in the reduced state even though oxygen radicals were likely being generated by Fe from crocidolite.
It did not appear that reactive iron on crocidolite was essential for either intracellular GSH depletion or efflux, or for decrease in the activity of y-GCS. We showed previously that the removal of iron from crocidolite fibers did not affect the uptake of the fibers into A549 cells (9) . This suggests that binding of the fibers to the cell membrane or internalization of the fibers may somehow lead to the efflux of GSH. Experiments are in progress to elucidate the mechanism for reduced GSH efflux stimulated by crocidolite fibers. It is apparent from the studies reported here, however, that iron associated with crocidolite is required for the formation of S-nitrosothiols. Chao et al. (9) showed that iron was required for NO synthesis in A549 cells after crocidolite exposure. The NO produced as a result of this exposure would be required for the formation of S-nitrosothiols. DF crocidolite treatment, resulting in depletion of intracellular GSH levels to 41% of untreated controls (the same level of depletion observed for unmodified crocidolite), did not lead to transcription of mRNA for iNOS (Park and Aust, unpublished observation), synthesis of NO (9), or formation of S-nitrosothiols.
In conclusion, exposure of A549 cells to crocidolite resulted in GSH efflux into the extracellular medium, formation of Snitrosothiols, and decreased y-GCS activity, which led to a decrease in intracellular GSH with no detectable oxidation to GSSG. The role that efflux of reduced GSH may play in the damaging effects of crocidolite in the epithelial cells remains unclear.
